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I. I N T 9 0 D U C T I O N ~  

C u r i n g  the a t m o s p h e r i c  exi t  of a launch vehicfe uti l iz ing hydrogen in its 
L 

upper stages, i t  appears that  gaseous o r  liquid hydrogen  is  sometimes dumped 

overboard into the  a i r s t r e a m .  Lf the f low conditions are such as to  lead to no 

s igni f icant  chemical react ionswhile  the  resulting hydrogen-air  m i x t u r e  is in  the 

proximity of the launcn vehic le ,  t h i s  dumping w i l l  be  of l i t t le  importance. On the  

cont ra ry  i f  combust ion  does o c c u r ,  t he re  can o c c u r  s ign i f i can t  a l terat icn of the  

h e a t  transfer  to s u r f a c e  ol  the  v e h i r f e  and of the  aerodynamic f o r c e s  and 

w'orncnts app l ied  t o  t h e  vehiclt  . 
A s  an ini t ia l  s t e p  ia a program of analys is  of the  phenomena a r i s i n g  \+hen 

hydrogen  i s  e j e c t c d  vvrrboard  from a inunch vehic te ,  the flow Iengthv a s soc ia t ed  

w i t h  both the induct ion  (or ign i t ion  dc lay\ p~ riod and heat  r e l r a s e  (Qr reac t ion!  

per iod  of the  hydrogen-a i r  r eac t ion  h a v ?  b r e n  compute:? fo r  a t yn ica l  exit 

t r a j e c t o r y .  On t h e  b a s i s  of r c -cca rch  carins ctrtf 7,Litt- i  t h e  k i n r f i c s  of t h c  hydrc.o,en- 

oxygen s y c  tt-rv: and 1.4ith the s u p e r s o n i c  combr;;tirln c i i  h1drog;c n, L ~ A P  i i i i i n  f c a t a r e s  
. L  



2 

composi t ion ,  the f c r rna t ion  of w a t e r  and of intermediate  s p e c i e s ,  but no s igni -  

..ficant hea t  release, i. e. no t e m p e r a t u r e  r i s e .  Cur ing  the  second per iod ,  the  

concent ra t ion5  of the i n t e r m e d i a t e s  d e c a y  and heat is released. 

associated %*kith both periods are readily e s t i m a t e d  l o r  a given pressure and 

init iaf t e m p e r a t u r e .  

The t imes 

It is t h e r e f o r e  possiblr  t c  app ly  sw:h eStjii7ates io  deterrr l inc 

the f l o w  l engths  associated with the induction anu hcsat release p e r i o d s  and thus 

tc cstirr-ate unc!er what f f o w  conI5tions corr ibust ion in the  vicinity of t h e  taunch 

v r h i c l e  can be expected. Such estirriates do not inc lude  dr-iays u\:e t o  vapor-  

ization of Iiquiri 

s tud ie s  of these 

the phenomena.  

D u r i n g  an 

f :\ 
fucl and to niiking of t h e  i iydrugcn with the air  

p r o c e s s e s  a r e  required to obtain more  a c c u r a t e  e s t i m a t e s  of 

; detailed 

exit trajectory t h e r e  a r e  t ACI  countcrac t ing  eficctb infludncing 

the induction t ime;  as t h e  launch vehib- le  acc-:lerztrs,  the c t a t i c  p r c s s u r e  n e a r  

t he  vehicle decreases, tpnding to i n c r e a s e  ind t t c t ion  t i rnes ,  w hiiq the  rrraxirnurn 

' 1  I 
8 'This per iod  is iti.fitxed here cts the tirrie r e q u i t r d  for the terript- r a t s i r e  to 

i nc rease  an amount equal  t o  3% oi t he  total  t e m p e r a t u r e  r i s e  tc  ec ,u i t iS r i l im .  

f 2 i  I h e  r e su l t s  obtained from t h i s  anafysis a r e  t h u j  conrerva t ive .  



static t e m p e r a t u r p ,  fo r  example, 5ijt 

strong shock w a v e s ,  increases tending to decrease such times.  .%ccordingty,  

in the  boundary Iayer and behind 

I t  mi'ght be expected that the estimated flow lengths may have a n-inimum; 

this w i l l  be found to be the case. 

In this report the currant information dn the kinetics of the hydrogen- 

aYr tysten; is rev iewed  first. 

lengths associated with the induction an-i reaction p e r i o d s  and a cr i t ical  

Then, f o r  a typical exi t  trajrctory the f l o w  

aititride range f o r  car: bustion in the  neighborhood of the Kaunch vehicle a r e  

p t i3: s c n t td . 
The authors are pleased to acknowledge- that D r .  Antonio Ferri suggested 

this study. 



Eor  t h e  t r m p p r a t u r e  range b e l o w  Z.~(JO''K, it appears t ha t  t h t  n i t rogen  

in air c a n  be t r e a t e d  a s  an i n e r t  d i l u t n t  a i t h  r r s p e c l t o  rhc hydrogen-a i r  

react ion.  Accordingly,  the ex tens ive  research  devoted to thc hydrogen-oxygen I 

s y s t e m  c a n  be employed in  the study of the  mechanisms and k ine t i c s  of the corn- 

bust ion of hydrogen in 'air .Recently,  t h e r e  has b e e n  c o n s i d e r a b l e  attention given 

I 

t o  t h e  use of hydrogen as  a fuel i n  an ac?vanced a i r -brea th ing  engine. Re fe rences  

1 - 5  have studied i n t e r  alia flu\vs involving reacting hydrogen-air  mixtures with 

f in i te  r a t e  c h e m i s t r y .  The actual rate cons tan t s  u sed  in these a n a l y s e s  differ 

i n  some c a s e s  by an o r d e r  of magnitude i n  the t e m p e r a t u r e  range from 1000 to 

3000°K; these d i f f e r e n c e s  reflect existing ignorance  in kine t ic  information. On 

t h e  o t h e r  hand,  the  mechanisms, i . e . ,  t he  r eac t ion  steps,  are  generally based 

o n  the research or' Duff and co-workers (References 6-8) and arc thus generaliy 

t h e  s a m e  i n  a l l  s tud ie s .  

,'is w i l l  b e  s e e n  below,  the mechan i sms  of t h e  hydrogen-oxygen reaction 

are so ccmplex  that  they cannot b e  verified i n  d e t s i l ;  exper iment .  can, i n  

g e n e r a l ,  c n i y  c t n i i r m  o r  reject the validity of the total ensemble  of r eac t ion  

s t e p s  and react ion r a t e s .  The predict ions based  on the  ensemble d e s c r i b e d  

herein and employed i n  the anaiyses iistcd above arc  in a c c o r d  with shock tisbt 

da ta ,  c.g .  I of Schott et a1 {Tteferences 7 and a \ ,  w i t h  t he  experiments of 
0 . 

Yicholts (Refe rence  9 ' ,  Lvith the nozzle  experiments  of LeLberg and L a n c a s h i r e  



P 

! - { i ? f C r € ? R C e  ICj)ez and with e x p e r i m e n t s  on s u p e r s o n i c  diffusion f lames  

i I-: tfercnce 51. l c c o r d i n g l y ,  over a range of ini t ia l  t e m p e r a t u r e s ,  1. f., 

p r i o r  to heat  r p l e a s e ,  o f  f rom li;oco to  2CCOoK and  ovt-r the  pressure range 

f rom I O m 1  to 3 atmospheres  the reac t ion  steps and rates employed here can 

be  c m s i d e r e d  to yietd cons is ten t  predict ions,  in accord w i t h  experiment, in 

an .overall s ense .  90 expe r imen ta l  data a p p e a r s  to be available outs ide  t h i s  

range of conciitions. 

if n i t r o g e n  1s t r e a t e d  a s  an  i n e r t  d i lurn t ,  the mechanisms and r a t e s  for 

reactions F roceed ing  to the  riatit invol ired in  hydrogen-air co~r ibus t ion  are as 

. i o l lows :  

_c_- 

I, - -  
-r I . ,  ?.efcrenca i fo r  t h e  c o m p a r i s o n  bct*een theory a n d  exper iment .  
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symbol A4 d e n o t e s  any t h i r d  body. The  first r eac t ion  stop, i .  e., rF Ia t rd ' t o  

"f, 0 involves a relatively high act ivat ion e n e r g y  and is thus  usuatiy neglec ted  

in  the  t e m p e r a t u r e  r a n g e  of aeronaut ica l  i n t e r e s t .  For several of t h e  t h r e e -  

boc!y r e a c t i o n s ,  a r a n g e  of values f o r  the rate cons t an t s  has been shown; 

t h e s e  w e r e  presen ted  by Duff and c o - w o r k e r s  as b racke t ing  t h e  r ange  of 

e s t h a t e d  values. 

enlployed betow roughly S)C;C!*K b e c a u s e  t h e  c l a s s i c a l  work on explosions, ( cf. 

Finai ly ,  i t  is noted that t h e s e  m e c h a n i s m s  should not be 

* 
e .  g . ,  Keference 1 1  i nd ica t e s  tha t  hydrogen- oxygen m i x t u r e s  are s t a b l e  at 

a i l  p r e s s u r e s  provided a t e m p e r a t u r e  of roughly this value is not exceeded.  If 

t he  r eac t ion  s t e p s  given above w e r e  fo rma l ly  applied a t  low t e m p e r a t u r e s ,  it is 

q u i t e  p o s s i b l e  that  a n u m e r i c a l  solut ion for  a r eac t ion  h i s to ry  wouid y i e l d  a 

Large but f i n i t e  reac t ion  time in d i sag reemen t  with expe r imen t .  

In X e f e r r n c e  1 ( c f . ,  Reference  S) ,  t he  reac t ion  s t e p s  c o r r e s p o n d i n g  t o  

kf, i: i-- 1, 2 . .  . S were applied to  f l o w s  with cons tan t  pressure and cons tan t  

energy. 

a constant  p r e s s u r e  p w a s  a s s u m e d  to exis t  a t  time zero; the  r eac t ion  history 

of t h i s  m i x t u r e  was studied by numer i ca l  i n t eg ra t ion  oi the  species  cooservation 

equat ions.  

rrpaction c o n s i s t s  of tw,o phases ;  du r ing  the in i t ia l ,  so-called induct ion (or 

ign i t ion  d e l a y )  phasc,  q i g n i i i c a n t  cnanqes i n  composi t ion  take place u,ith Little 

change in  t e m p e r a t u r e .  

un i fo rm m i x t u r e  of hydrogen and air at a n i n i t i a l  t e m p e r a t u r e  Ti and 

Thz r e s u l t s  of t h i s  analysis indicated that  the  hydrogen-oxygen 

Indeed ,  the compos i t ion  a t  t h e  end of t h i s  phase is 

c t o s e  to ec+uii lbr iurn i n s o f a r  as major coas t i t uen t s  a r e  concerned, but the 



ha:< b r r n  t a k r n  f rom i’,efercnce 5. The uni iorn , i ty  a i  the t c m p t r a t u r t  d u r i n g  

t h i s  phase  i s  sccwintc.d for roughiy by the abso rp t ion  i n  dissociation of 

t-iroircutzr Cydrogt*n of the :?cat r5leased. by t h c  formation ci .&stir .  C u r i n g  

values of the  r eac t ion  rates for the recornbindtion reaction; it ir S e i i c v e d  t h a t  

t h c ~ e  ra tc  cun - t dn ts  r e p r e  -cnt  tile bes t  avai!aS:- data  and shuilJli g i v e  accurate 

r e s u l t s .  

-. - I  - 1 .  I . Under cont i t t ion:  ci Io-,+ 
3 s  p anti the  h e a t  rc?!edSe tirnr varyirg a s  p 

c 
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By use  of the analysis presen ted  i n  fieference 1 both the  ignition delay 

and reaction times have been computed f o r  a w i d e  range of in i t ia l  

t e m p e r a t u r e s ,  I. and p r e s s u r e s .  F rom the results  'of tho calculzltious it was 
1 

poss ib t e  t o  obtain the fo l lowing empir ica l  co r re l a t ions :*  

where  the t i m e s  a r e  in ;1 S B C . ,  Ti  in OK, and p io atmospheres. 

Again, it s h o i l d  be noted that the above equations have been determined 

f o r  the c a s e  of a uniform d x t u r e  of reactants and impl ic i t ly  assumes  tha t  the 

mixing length is negtigible compared to the chemica l  reac t ion  length. 

Note f rom equat ions ( 1  f and ( 2 )  that both times d e c r e a s e  with increasing 

pressure,  that  71D is extremely sensitive to temperature, d e c r e a s i n g  sharply 

a s  Ti increases ,  .*hit? T~ is  a weaker iunction of the ini t ia l  t e m p e r a t u r e ,  

dec reas ing  s Lightty as  Ti increases ;  

u c d e r  conciitions of low pressure a n d  high temperature  such  as may occur  

T h e s e  co rrel i i t ions therefore imply  that 

du:'ir.g a n  existing trajectory, t h e  induct ion period may be of short dura t ion  

while the  heat release phase might be tong. 

:': :\. sitriilar cxprcs s ion  for the induction time was presented  i n  Reference 5; 
t h e  one presented  here  is based 011 adili t iondt nunserical r e s u l t s  and is 
cons ide red  son.ewhat more  accura te .  



111. REPRESENTATIVF IKJECTION MOCFS F O R  H Y D H O G E Y  DUMPING 

ConsiAer now the  application of the prevrous u i j c u s s i o n  to the engineer ing 

probiern oi  es t imat ing the f i u w  Lengths assoc ia ted  with combust ion of hydrogen 

when e jec ted  overboard from a Iaunch vehicle. A s  discussed in  the Introduction 

the desc r ip t ion  of the actuai phenomena which m a y  be involved in such  c d s c s  

will be compl ica ted  and w i l l  depend on the  mode of eject ion,  the a i r s t r e a m  

conditions and the c h a r a c t e r i s t i c s  of the  dumped hydrogen, Vaporizat ion,  mixing 

. 

and f l o w  in te rac t ion  e f fec ts  d l 1  a l t e r  the distances from the  e jec t ion  point on the  

launch vehic ie  to the downstrearn  point where combust ion t akes  place.  

s e r v a t i v e  f l o w  lengths  can be computed if the inciuction and reac t ion  t i m e s  given 

by Equat ions ( 1  } and ( 2 )  are niult iplied by a rep resen ta t ive  flow velocity.  

Con- 

The 

previous ly  ci ted e f fec ts  w i l t  i n  generat lead to l a r g e r  f l o w  lengths .  However,  

t h e s e  e s t i m a t e s  can  be employed to make judgments  as to the inject ion modes 

Leading to  the  s m a t l e s t  probabili ty of combust ion  a r i s i n g  i n  a given exit t r a j e c t o r y .  . 
In t he  p re sen t  r cpor t  t h e  representa t ive  morics oi clumping a r e  exanlined 

qual i ta t ively in o r d e r  to i ts tabl i jh  approvi.niatr conditions o i  veloci ty ,  pressure 

and t e m p e r a t u r e  in  thc 7.01163 o i  possible  cornbustion. ' These modes  are shown 

schematic; t t ly  i n  F'igtrre 2 and are discussed be low.  

If the  hydrogen is  injucted through a port  i n  t h e  skin oi the  v6hicle as 

s h o w n  scherna t ic - l ly  i n  F'igure 'a, the-re s ~ i l t ,  i n  genc ra l  occur  a cotilplex Flow 

invotviiig a s t rong  -hock , t ~ v e ,  bouodary iaycr separat ior ,  aiiu reat taLhnicnt ,  and 

rapid n : id i ig  f ? ~  t a c v n  t n ,  hyi.roo,eu j:t an': t h c  a i r  stred:r.. :k For  the p u r p o s e s  of 

. 7 .  tnr L ~ O W  a s s o c i i t t h c ?  ,citb i n j c c t i r j n  o: t h i s  ? v n e  is i ; l?o 0. i n t c r e s t  in  corziicction 
vdith t h r u s t  vcb.toring oy injeci ion.  12 proviacci a r ecen t  x e v i a w  thereof .  :<if. 

i 



c 

th’e present repurt the induction and heat retease times are computed by 

assuming that the pre5sure and tern-perature are those behind a normal shock 

and that the velotity is associqted T A i t h  an isentropic expansion froni conditions 

behind a normal shoch to irce s tream static pressure. Such velocities w o u i d  

occur  in the neighborhood of the j e t  a5 w e l l  as downstream of the point of 

injection. 

Consider next the injection mode shown schematicatly i n  Figure- 2b; the 

hydrogen i s  injccted paratlei  to the external stream i rom a tube w h i c h  causes 

a strong shock wave. In this case  the pressure in the mixing region is c lose  

to that in the externat stream but tte boundary layer  on the tube can result  in 

static temperatures within the mixing region in excess  of those prevailing in 

. the external stream. 

be repre sentea by those obtained by expanding isentropically from conditions 

behind a normat shock to ambient pressure. 

The velocities at the outer edge of the mixing region can 

.?. similar situation arises in connection with slot injection as shoivn in 

F‘igure 2 ( c ) .  However, in this case ,  the velocity at the edge of the mixing re- 

gion i .  t ha t  o i k r x t e r n a l  s t r eam Zince no s t rong  shock should exist .  Because 

the static teniperature3 in the boundary iayex either on the mixing tube or on 

the sp l i t t er  plate may be considered, from a conservative pgint of view, t o  be 

representative of those in the  boundary layer in a high speed f l o w ,  it is of 

interest to estimate the static temperature distributions therein. 

approximation of P r a n d t i  number equat to  unity for both laminar and turbulent 

fl’ithin the 



1 1  
* 

iiow, the C r o c c o  relat i t in  can be appl ied to relate: the t e rnpc rb tu re  and velociq 

C i > t r i i u t i o n s .  T h e  s t a t i c  t e m p e r a t u r e  and Mach  t iumber in  the e x t e r n a l  s t r e a m ,  

and the &al l  t e m p e r a t u r e  a r e  p a r a m e t c r s .  li the gas i s  cons ide red  as caloric- 

ally 2n:i thermally periect,  as is justif ied for  c s t i m a t e s  in the s u p e r s o n i c  and 

low hypersonic f l ight  r eg ions , the re  is obtained, 

it is easy to s h o w  that the maximum s t a t i c  t e m p e r a t u r e  XAithin the layer is 

ana that  the vetocity at w h i c h  the t e t x p e r a t u r e  reaches a maximum i s  

1. or  both tube and slot i n l r c t i o n  thc. r n a x i r n u ~ n  temperature in the boundary 

layer is  used to compute  the idnit ion d t  liy dncl r eac t ion  t i tne s ;  the  velocity a t  

the point  oi peak t e m p e r a t u r e  is t h e n  used to  ca icuIa te  thc cor re spond ing  Lengths. 



12 

The lsunch t r a j e c t o r y  used for the p r e s e n t  c31culation: is s h o w n  in 

F i g u r e  3 and, for  convenience,  the  var ia t ion of ambient pressure with 

att i t t ide is gi\ .cn i n  E igure  4.  t i g u r e s  3 ,  6,  and 7 show both the  ignit ion 

dt-lay Iength a n i  the iength r e q u i r e d  for a constant pressure r eac t ion  to  

c o m e  to  equ i l iu r ium (ignition delay  length P I U S  r cac t ion  length) for the three 

irtjf c t i o n  schemes  discusseci in the previous section. It can be seen that 
L 

combur t inn  t akes  p! . ic f  in the  .;m;+lLest di.Jtan(ce for  the case  oi norn ia l  

injection. 

ing behinu the normal  shock. 

inZicated when hydrogen i: itljecti.6 c i ther  through a tube o r  a s lo t .  

'This i?. due t c  the r c l i t i v e l y  high temperature  and pressure exist-  

Considerably larger ignit ion detay Icngths a re  

However, 

~ u e  to thc low arr.bicnt p r e s s u r e  the  rcact iun fcngths are  s e v e r a l  o r d e r s  of 

t iagnitude g r e a t e r  o v e r  n,ost  o l  the  t r a j e c t o r y .  Due to  the counterac t ing  

c i icc t s  o i  p r e s s u r e  ;Lnd tcrnp:*rLturc, a s  rr,entioned i n  the Introduct ion,  a 

niinirnuni i n  i i c ) * ~  Icrigtil c u r v e s  is observed .  I t  w o u l d  a p p e a r  that  from t h e s e  

rc:u[ts bot:? t u b e  anti s lo t  injection of ?iydrogen are equally favorable  'kith 

regarci to coriibu5tion lengths.  

It should be noted tha t ,  i n  F i g u r e s  G and 7,  the ignitibri delay c u r v e s  for 

hi4her v c ~ l t r c i t i c ~  a t  t h e  point oi' maximum t e m p e r a t u r e  i n  the  bcundary  layer, over 

a p a r t  oi t he  tT3JrpCtOry, f o r  the  LOX wal l  t e m p e r a t u r c .  
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v. : i?‘:r LL’‘-::<J?i5 

’-rGw. t h r  resnt ts  of t h *  present investigation i t  c a n  be conc luded that 

d u m p i n g  hydrogen e i t h e r  through a s t o t  or tube  parallel  to the f r ee  stream 

g i v e s  cun%iderabty fongcr combust ion  lengths than for normst  injection. There 

resu l t s  a critical attitude from 125 to 175 kilo fee t  dcpensing on t he  mode of 

injection. 

‘:ome g e n e r a l  comments rcgard inq  the hydrogen dumping problem can 

also be  made  a s  a resuft of this study. Iri dev i s ing  an injection scheme advarftage 

shoul:! hr raken ~f t he  iow ambient  pressure over  most  of the t r a j e c t o r y  (F ig .  4 ) ;  

that is, the bydrGgt?R should be i n j e c t e d  in such a way a s  t o  cause the  feast 

disturbance (and consequent pressure rise) to the free stream. In addition . 

the injection s ta t ion  should be located at a position where the ef fec ts  of any shock 

caused by the body arc crLinimal. 

abie  it seeins that, keeping the surface t e m p e r a t u r e  of the vehicle a s  low a s  

Since low initial  t e m p e r a t u r e s  a r e  also favor- 

p o s s i 5 f e  cou1.i br an effect ive m e a n s  o f  reducing  thp peak t empera ture  in the  

bol lndary !ayer (for the  r a n g e  of fl ight c o n d i t i o n s  cons ide red  he re ) .  
f 
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FIG. ’ c  Composition-Time Hirtor ies  af Hydrogen-Air 
Mixturer at Conetaut Pressure. 
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FIG. 16 Composition-Time Histories of Hydrogen-Air Mixtures 
at Constant Pres sure. 
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FKG. f Composftion-Time Histories of Hydrogen-Air 
Mixtures at Constant Pressure. 
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